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HYPERLIFT Ah?) 3AL4NCING OF SLENDER WINGS 

Ph. Poisson-Quinton and E.Erlich 

*& 

The problems encountered i n  t h e  design and subsonic f l i g h t  

of supersonic transports (SST) a r e  reviewed and calculated 

f o r  s lender  wings, canard-type a i r c r a f t ,  and d e l t a  wings 

with and without fuselage,  with and without f r o n t  and af t  

empennage. The use of pressure-side f l a p s ,  posit ioned so 

as t o  avoid nose heaviness, i s  c r i t i c a l l y  evaluated. The 

hype r l i f t  created by vortex t ra i l s  shed from the  wing t i p s  

i s  used f o r  modifying t h e  design so as t o  improve the  take-  

off  and landing charac te r i s t ics .  Variable sweepback by use 

of r e t r ac t ab le  t a i l  miits permits l i f t  increment a t  low speeds 

and b e t t e r  performance a t  Mach 2 and 3. 

for a l l  possible  designs a re  given. 

Perforxrance graphs 

During p re l i r ina ry  s tud ie s  f o r  t h e  project  of the supersonic t ranspor t  

(SST) , t h e  National Aerospace Research and Development Administration (ONEFU) 

has done systematic research on t h e  lift of s lender  wings; t h e  expression 

"slender wing" i s  t o  mean sweptback wings of t h e  d e l t a  family,  highly adaptable 

t o  supersonic  f l i g h t s ,  although t h e i r  low aspec t  r a t i o  gives only  poor perfom- 

ance a t  low speeds. 

However, t h e  sharp  sweepback of t h e  leading edge permits an increase i n  

* Numbers i n  t h e  rrargin ind ica te  pagination in t h e  o r i g i n a l  fore ign  text. 
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lift because of t h e  development of funnel-shaped vor tex  s t r e e t s  shed from t h e  

suc t ion  s i d e  of t h e  wing; t h e  gain in l i f t  w i l l  be defined as a func t ion  of the 

aspect r a t i o  and of t h e  shape of t h e  leading edge. 

The h y p e r l i f t  obtainable  with a slender wing is d i r e c t l y  cor re la ted  with 

t h e  p s s i b i l i t y  of s t a b i l i z i n g  t h e  a i r c r a f t  longi tudina l ly ;  severa l  methods of 

balancing have been t e s t ed  i n  t h e  incompressible-flow wind tunnel ,  using 

%anard', type planforms o r  ta i l -cont ro l led  types,  of which t h e  advantages (mag- 

nitude of balanced lift) and t h e  drawbacks ( d i f f i c u l t y  i n  longi tudina l  and 

t ransverse  s t a b i l i t y )  as w e l l  as t h e  computational rriethods will be given here;  

f inally,  we w i l l  demonstrate that it is possible t o  obta in  a moderate hype r l i f t  

with a tail less a i r c r a f t ,  by using pressure-side flaps whose pos i t ion  i s  selected 

so as t o  prevent any nose-heaviness mments. 

The variable-sweep wing, i n  pr inciple ,  is  t r u l y  %lendertt only when f ly ing  

a t  high speeds, while t he  deployment o f  mderate-sweepback sur faces  a t  low 

speeds permits a r e i a t i v e i y  nign nyperiirit. 

l y  sweptback apex produces s t a b i l i t y  problems similar t o  those encountered i n  

s lender  wings. 

However, t h e  exis tence of a strong- 

1. In t roduct ion  

The increasing elongation o r  taper ing of wings is  d i r e c t l y  connected with 

The t h e  development of t ransonic  a i r c r a f t  and, later,  of supersonic a i r c r a f t .  

a t tempt  t o  reach good perforrrance a t  high speeds has l e d  t o  an  increase i n  

sweepback a t  the  leading edge and t o  a reduction i n  wing thickness .  S t ruc tu ra l  

requirements then cal led f o r  cor ,pc t  planforms, usually close t o  t h e  d e l t a  con- 

f i g u r a t i o n ,  which a r e  fanil iar f r o m  t h e  &??rages I11 and I V  series. 

Nore recent ly ,  ambitious c i v i l  and m i l i t a r y  programs, i n i t i a t e d  i n  various 

2 



countr ies ,  have induced de ta i l ed  aerodynarLc research and development, r e s u l t i n g  

i n  projects  which a l l  have s lender  planforms i n  common (Fig.1) and where t h e  

pa r t i cu la r  design was t h e  upshoot o f  a d i f f i c u l t  compromise between t h e  contra- 

d i c to ry  requirements at  low and high speeds. A brief l i s t i n g  of these  pro jec ts  

i s  a necessary introduct ion t o  t h e  understanding of problems ra i sed  i n  takeoff 

and landing: 

/2 

a)  Supersonic transwrt (SST), which m u s t  combine optimum aerodynamic per- 

formance a t  high speeds and performances a t  low speed a t  least equal t o  those of 

present-day c i v i l  a i r c r a f t .  For t h i s ,  two formulas have been proposed: 

Tailless a i r c r a f t  without hyper l i f t  but  with moderate wing loading ( t h e  

Franco-Britannic pro jec ts  Sud/B.A.C. "Concordt* and t h e  American Lockheed 

Wach 3l') . 
Variable-sweep a i r c r a f t  with hyper l i f t  i n  t h e  configuration of ttdeployed 

wings" and t a i l - s t a b i l i z e d  (American b e i n g  project  "Mach 2. 5 t t ) .  

L\ > r s - 7 A . 2 - 2  - - 2  _I --I___ 04. --L.-L - - - A -  - - -  J? - 2 ? f A . _ _ _ _  
u /  i u u b u u a > L u u  ~ J - L L - ~ A  ~r,  w i i i u i  iiiecba ii ~ c r ~ r d i ~ i  ricad OA IiiliiIrdry a u t h ~ i - i -  

t ies  who are in t e re s t ed  i n  avoiding mult ipl icat ion of highly spec ia l ized  cos t ly  

types,  and which i s  t o  conc i l i a t e  even more contradictory performance require- 

ments : s q e r s o n i c  in te rcept ion  r i s s i o n  a t  high a l t i t u d e s ,  t ransonic  a t t a c k  a t  

sea l e v e l ,  subsonic convoy with l a rge  radius  of ac t ion ,  sho r t  takeoff and land- 

ing  runs. This d i f f i c u l t  aerodynamic compromise has now been rea l ized  by two 

prototypes : 

Variable-sweep a i r c r a f t  F. 111, corresponding t o  t h e  T.F.X. American 

pro jec t  . 
Delta a i r c r a f t  with Fowler o r  zap f l a p s  and t a i l  unit T.S.R.2, developed 

i n  Great Bri ta in .  

c )  Military ttlj'ach 3" a i r c r a f t .  which have bee? f l y i n g  f o r  some time i n  t h e  

3 
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USA; these include t h e  experimental bomber XI3 70 which is a delta-canard air- 

c r a f t  and t h e  reconnaissance-interceptor YF-UA, of t h e  tailless type. 

d )  Supersonic a i r c r a f t  p ro jec ts  (long-range a i r c r a f t  o r  f i r s t  s t age  of a 

satell i te boos ter ) ,  whose configuration cannot be 2 c c u r a t e l y  defined as y e t ;  

however, it is highly probable t h a t  they will be designed i n  t h e  form of s lender  

de l t a s .  

e)  Supersonic re-entry g l ide r s ,  which a r e  pro jec ts  characterized by a s t rong  

sweepback a t  t h e  leading edge so as t o  minimize the  considerable heat  fluxes 

encountered on re-entry f r o m  space. For t h e  same reason, very blunt  lead ing  

edges are des i r ab le  but  these  a r e  rather unfavorable f o r  supplementary v o r t i c a l  

l i f t  a t  high landing angles. 

I n  our r epor t ,  we w i l l  concentrate m i n l y  on problems encountered i n  such 

slender-wing a i r c r a f t  a t  low speeds, i l l u s t r a t e d  by seve ra l  examples taken fron: 

t h e  research done a t  t h e  ONERA: We will speak of *whyperlif t** with considerable 

reserva t ion  s ince  it w i l l  be demonstrated that s lender  forms of low aspect  r a t i o  

are l i t t l e  s u i t a b l e  f o r  high l i f t s  and even less f o r  longi tudina l  balancing. 

Consequently, t h e  tern. **hyperlif t t t  will be used here t o  designate any lift in- 

crement over t h e  value predicted by the  l i n e a r t h e o r y ,  obtained e i t h e r  by t h e  

c rea t ion  of a v o r t i c a l  flow on t h e  suct ion s i d e  of t h e  wing o r  by t h e  use of 

f l a p s .  

F ina l ly ,  longi tudina l  balancing will refer here t o  negative lock-in of fi 
a i l e r o n s ,  t o  a canard planform, o r  t o  t h e  use of t a i l  un i t s .  

cases, we will l i s t  t h e  s t a b i l i t y  d i f f i c u l t i e s  t h a t  these  devices may produce 

a t  high angles  of a t tack .  

In  each of these  

2. A e r o d - w  ' c s  of t h e  Slender Wing 

L e t  us f irst  ass ign  'tgeometric" limits t o  t h e  term **slender wing" by using 

4. 



. 

an a r b i t r a r y  c r i t e r i o n ,  based on t h e  existence of turbulence on t h e  upper wing 

s ide .  These funnel-shaped vor tex  trails, forming mostly near  t h e  lead ing  edge, 

induce l o c a l  superve loc i t ies  (Fig.2) t h a t  give rise t o  an  add i t iona l  l i f t  which 

should be subs t an t i a l  with respect  t o  that predicted by t h e  l i n e a r  theory.  

w i l l  be demonstrated that wings of t h e  lqelta*f f a r i l y ,  with an  aspec t  r a t i o  be- 

low o r  equal t o  about 2.2 and having a sharp  leading edge, meet t h i s  c r i t e r ion .  

It 

2.1 - Figure 3 i l l u s t r a t e s  t h e  extreme limits of t h e  region s tudied  here, 

f o r  wings of aspec t  r a t i o s  of 2.2 and 0.8, respect ively.  

wing with t h e  l a r g e s t  aspect  r a t i o  has a higher gradient  a t  t h e  o r i g i n ,  as pre- 

d i c t ed  by t h e  ca lcu la t ion ,  but  - conversely - has a less rap id  increase i n  t h e  

coef f ic ien t  of l i f t  C, a t  high angles  o f  a t tack .  

almost t h e  same C, above 2 8 ,  because of  t h e  degradation of lift of t h e  wing 

with t h e  highest  aspec t  r a t i o ,  produced by wing-tip s ta l l .  

It is  obvious t h a t  t h e  

I n  f a c t ,  t he  two wings have 

An analysis of t h e  local l i f t  gradient (dC,/d,), proposed by L.Cabot t o  

t h e  O.N.E.R.A., i s  pa r t i cu la r ly  usefu l  f o r  evaluating t h e  extent  of t h e  "hyper- 

l i f t "  vor tex  zone of a family of wings o r ,  conversely, f o r  def in ing  t h e  appear- 

ance of t rouble  connected with wing-tip stall or with an "explosion** of the  

vor tex  sheet .  

The e f f ec t ive  lift can thus  be considered as being t h e  sum of two terms: 

one a l i n e a r  term which i s  r ead i ly  calculated and t h e  o t h e r  a term of v o r t i c a l  

o r i g i n ,  f o r  which w e  w i l l  at tempt t o  define t h e  l i m i t s .  

2.2 - The l i n e a r  l i f t  of a family of s lender  wings has been calculated by 

t h e  method of t h e  " l i f t i n g  surface?' i n  t h e  three-dimensional trough of t he  

labora tory  for e l e c t r i c  analogy (Bib1.1). 

lift gradien t  as a funct ion of t h e  aspect r a t i o  of tapered d e l t a  wings and 

t runca ted  wings of "delta?l form o r  of ??gothic" form ( leading edge i n  t h e  shape 

Figure 4 shows t h e  evolut ion of the  
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of a p r a b o l i c  a r c ) .  

- -2 as soon as t h e  aspect  r a t i o  tends toward zero. 

These t w o  curves tend toward t h e  Jones value of C,, = 

- TTA 

2.3 - Vort ical  l i f t  i s  correlated with t h e  presence of a funnel-shaped 

vor tex  sheet which develops downstream of a separat ion point  a t  t h e  sweptback 

leading edge. This lift w i l l  appear a t  t h e  incept ion of a n  incidence f o r  a 

sharp  leading edge, bu t  on ly  a t  a r a t h e r  high angle  of a t t a c k  f o r  a rounded 

leading edge or a leading edge cambered downward. 

I n  t h e  case of a t h i n  wing w i t h  sharp  leading edge, various authors 

(Bibl.2) have proposed formulas f o r  der iving t h e  v o r t i c a l  lift developnent with 

t h e  angle of a t tack .  

i s  v a l i d  near a speed of Yach 1 (Bibl.19). 

We have used here t h e  equation ACLt = f (A* .id"), which 

The introduct ion of t h e  r a t i o  of t h e  

l i n e a r  lift gradients  i n  t h e  incompressible range ( e l e c t r i c  trough) and a t  14 
Yach 1 (Jones), namely, R = 4.9/(4.9 + A ) ,  will then permit t o  express t h e  t o t a l  

lift of d e l t a  wings a t  low speeds i n  t h e  form of 

where k is  an  empirical  adaptat ion coef f ic ien t .  

Figure 5 shows t h e  excel lent  agreement of t h i s  ca lcu la t ion  with experiments 

(Bibl.3), f o r  a value of k = 0.915. 

th ickness  and type of t h e  wing prof i le .  

t h e  v o r t i c a l  lift increment which here is 65% of t h e  l i n e a r  lift a t  a n  angle  of 

approach of about E?. 

This f a c t o r  depends s p e c i f i c a l l y  on t h e  

The diagram a l s o  shows t h e  importance of 

P rac t i ca l  experience has s h o w n t h a t  t h e  increase i n  t h i s  v o r t i c a l  l i f t  is  

This  l imi t ed  t o  angles of a t t a c k  which a re  lower t h e  l a r g e r  t h e  aspect  r a t i o .  

l i m i t a t i o n  becomes q u i t e  obvious when analyzing t h e  evolut ion of t he  local l i f t  

g rad ien t  as a func t ion  of t h e  angle o f  a t t ack .  Figure 6 demonstmtes a common 
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cr i t ica l  value,  obtained experimentally f o r  a l a rge  number of s lender  planforms 

with sharp  leading edge: ( C L i o ) , o c  

i shes ,  a t  a rate which increases  a t  decreasing slenderness of t h e  wing (wing- 

t i p  s ta l l  or breakup of t h e  v o r t i c i t y ) .  

= 0.05. The local gradient  t hen  dimin- 

Using t h i s  empirical  value of 0.05 as ce i l i ng  f o r  t h e  local lift gradien t ,  

we calculated (Fig.7) a family of curves f o r  t h e  e f f ec t ive  l i f t  (C,, i) f o r  a 

family of d e l t a  wings with aspect r a t i o s  ranging between 0.6 and 2.9 (cr i t ical  

value f o r  which no more vortex e f f e c t  exists). The experimental points  refer- 

r i n g  t o  i so l a t ed  wings o r  t o  wings combined w i t h  fuselage agree  w e l l  with t h e  

calculated evolution, bu t  t h e  t teffectivel* aspect r a t i o  genera l ly  is  s l i g h t l y  

lower than  t h e  geometric aspect  r a t i o  ( coe f f i c i en t  1.: > 1). 

It i s  of i n t e r e s t ,  based on t h i s  family of curves and t h e  graph constructed 

f o r  a family of gothic  wings, t o  ca lcu la te  t h e  e f f ec t ive  l i f t  (C, = CL4 + A&,) 

obtainable  a t  a reasonable angle  o f  approach ( i  = ;f) for various aspect r a t i o s .  

Figure 8 shows t h a t  t h i s  ca lcu la t ion  furnishes  a n  evolution which i s  f u l l y  con- 

firmed by numerous wind-tunnel tests with mckups. It w i l l  be noted that t h e  

presence of a fuselage on a s lender  wing of t h i s  type does not g r e a t l y  influence 

t h e  lift. 

This  p l o t t i n g  a l s o  shows that the  relative gain i n  v o r t i c a l  l i f t  is speci-  

f i c a l l y  i n t e r e s t i n g  a t  low aspec t  r a t io s :  

which i s  t h e  bas i c  pr inc ip le  t h a t  rakes t h e  pro jec ts  of needle-nose f l y i n g  wings 

such as t h e  v*Concoxi" usefu l  also a t  1ow.speed. 

I 

4 

Above, we have assumed t h a t  t h e  wing was very t h i n  with a sharp  leading 

edge and a symmetric p ro f i l e ;  as soon as t h i s  is  no longer t h e  case, t h e  genera- 
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t i o n  of t he  v o r t i c a l  regime, connected with t h e  separat ion of t h e  boundary layer 

a t  t h e  suc t ion  s ide ,  may be g r e a t l y  retarded if t h e  leading edge is rounded o r  

cambered toward t h e  bottom. 

r e g h e  a t  a given angle of a t t ack .  

f igura t ions  corresponding t o  one o r  the o t h e r  case: 

Conversely, it is possible  to increase t h e  v o r t i c a l  

Figure 9 gives  a s c h e m t i c  view of t h e  con- 

a)  A t h i c k  s lender  wing with a blunt leading edge (case of t h e  supersonic & 
g l ide r )  retains a purely l i n e a r  lift up t o  a n  elevated angle of a t t a c k ,  which 

results i n  a considerable lift decrement with respect  t o  the  same wing of sharp  

leading edge. 

l i f ts  of '79 gothic  wings having, respect ively,  t h i ck  and t h i n  p ro f i l e s .  

w i l l  be noted t h a t  t he  influence of  the Reynolds number, which is  negl ig ib le  i n  

t h e  case of a sharp leading edge, becomes qu i t e  considerable i n  t h e  case of a 

rounded leading edge s ince it governs t h e  appearance of flow separat ion which, 

i n  tu rn ,  leads t o  t h e  generation of  a lift vortex.  

s p e c i f i c a l l y  important i n  s tud ie s  of t h e  landing of l i f t i n g  bodies on re-entry 

from space. 

This d i f fe rence  i s  clearly shown i n  Fig.10, which compares t h e  

It 

This Reynolds e f f e c t  is 

b )  An "adaptation?? by car.bering a sharp leading edge w i l l  result i n  a d i s -  

placement of t h e  o v e r a l l  curve of t h e  local l i f t  gradient  toward pos i t i ve  inc i -  

dences, i.e., a lift decrenent which, compared t o  a given approach angle ,  is no 

longer  negl ig ib le .  

purpose of increas ing  t h e  maximum f ineness  r a t i o  of t h e  aircraft wi th in  a l a rge  

Mach region (gain by t h e  %xtion't e f f ec t  a t  t h e  leading edge near t h e  adapta- 

t i o n  C, , which is considerable if t h e  leading edge i s  d i s t i n c t l y  subsonic) 

This is t h e  pr ice  t o  be paid f o r  a n  adaptat ion having t h e  

c)  An a t t r a c t i v e  aerodynamic solut ion which, however, is  technica l ly  d i f -  

f i c u l t  , cons i s t s  i n  mking  t h e  e n t i r e  leading-edge u n i t  swivelable (Bibl.2) : 

e i t h e r  toward t h e  bottom so as to  increase t h e  f ineness  r a t i o  a t  coeff i -  

8 



c i e n t s  of lift above t h e  adaptat ion CL; 

o r  toward t h e  t o p  so as t o  increase t h e  turbulen t  lift a t  a given angle  

of a t t ack .  

These de f l ec t ions  r e s u l t  i n  a displacement of t h e  o v e r a l l  curve of t h e  local 

lift gradient toward angles of a t t a c k  t h a t  are e i t h e r  pos i t ive  or negative.  

Figure 11 gives a balance of these  gains,  with respect  t o  maximum f ineness  r a t i o  

and lift a t  approach, obtained on t w o  tailless a i r c r a f t  mockups balanced longi- 

tud ina l ly .  The gain i n  f iceness  r a t i o  obtained by de f l ec t ion  i s  less than that 

obtained by a cambered leading edge, properly calculated f o r  a ce r t a in  coeff i -  

c i en t  of l i f t ;  a def lec t ion  toward the t o p  of such a leading edge would a l s o  

restore t h e  v o r t i c a l  lift a t  higher angles of a t tack .  

d )  F ina l ly ,  it i s  possible to increase t h e  v o r t i c a l  regime by e j e c t i o n  of 

air over t h e  e n t i r e  span of  t h e  leading edge in the  wing plane (Fig.9). 

search done i n  t h e  wind tunnel  a t  Cannes has indicated t h a t  t h i s  method i s  spe- 

c i f i c a l l y  i n t e r e s t i n g  f o r  rounded o r  adapted leading edges of d e l t a  wings w i t h  

s t rong  sweepback, which become v o r t i c a l  a l ready a t  low angles of a t t ack .  

e f f i c i ency  of t h e  system ( r a t i o  of gain i n  l i f t  t o  t h r u s t  i n  t h e  countercurrent 

airstream) passes through a maximum f o r  relative-wind coef f ic ien ts  of t h e  order  

necessary f o r  t h e  c l a s s i c a l  boundary-layer cont ro l  on hype r l i f t  f l a p s  (ACL/& - 
- 3 ,  f o r  E = T,%s  

Re- 

The 

0.03). 

2.4 - It is  impossible t o  speak of s lender  wings without mentioning t h e  

problems of reduct ion i n  s t a b i l i t y ,  f requent ly  encountered a t  high angles  of 

a t t a c k  and high s i d e s l i p .  

quently i s  a tendency t o  nose-up (?%elf-s ta l l"  o r  "pitch-up*?) a t  high angles  of 

a t t a c k ,  rendering t h e  a i r c r a f t  unstable. This well-known phenomenon of swept- 

back wings a l s o  occurs i n  tapered d e l t a  wings with i n s u f f i c i e n t  sweepback of t h e  

With respect t o  longi tudinal  s t a b i l i t y ,  t h e r e  fre- /6 
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l ead ing  edge. 

a t t a c k ,  progressively approaches t h e  plane of symmetry (Fig.2), no longer is 

located a t  t h e  wing t i p .  

t o  a ta i l -heaviness  mment. This  is  c lear ly  indicated by a comparison of t h e  

slope of the  s t a b i l i t y  curves f o r  d e l t a  aircraft having decreasing sweepback: 

7 8  , 6 8 ,  and 58, which are p lo t ted  here with the  same s t a t i c  s t a b i l i t y  margin 

a t  low angles of a t t a c k  (Fig.12a). For a d e l t a  of e ,  which inc iden ta l ly  no 

longer  is  of t h e  "slender wing" type ,  the v io l en t  pitch-up i s  due t o  wing-tip 

stall .  

negl ig ib le  f o r  a delta of 7d). 

I n  t h i s  case, t h e  vortex sheet  which, a t  increas ing  angle  of 

The r e su l t an t  decrease i n  negative pressure then leads 

For a d e l t a  of 6 8 ,  t h e  s tabi l i ty  loss  is  mre progressive and becomes 

A wing-tip cut-off  o r ,  preferably,  a n  ou t l ine  of t h e  leading edge as a 

parabol ic  a r c  (gc/thic wings shown i n  Fig.12b) will y ie ld  per fec t ly  l i n e a r  sta- 

b i l i t y  curves s ince  t h e  vortex shee t  then remains close t o  the  wing t i p  a t  high 

angles  of a t tack .  

Pitch-up m y  a l s o  result f r o m  a n  exaggerated extension of an  apex w i t h  

s t rong  sweepback ( F i g . 1 2 ~ )  whose vortex prerraturely moves away from t h e  wing 

t i p s .  

of a t t ack .  

which has t h e  same form i n  t h e  rear plan, exhib i t s  a s l i g h t  tendency t o  nose- 

down. Therefore, it can be s t a t ed  t h a t  it is  possible  t o  design an  intermediary 

apex form, which would result i n  a per fec t ly  l i n e a r  s t a b i l i t y  curve. 

As above, t h e  tendency t o  nose-up increases  progressively with the  angle 

I n  t h e  present example, the "gothic" wing with a parabolic planform 

Another method of reducing the  pitch-up cons is t s  i n  generating a compensat- 

i ng  pitch-down mment, by placing, below the  vortex s h e e t ,  a control  surface 

a t tached  t o  the  t r a i l i n g  edge (Fig.12d) which w i l l  be actuated by the  negative 

pressures induced a t  angles of a t t a c k  a t  which the  vor tex  approaches t h e  wing 

root .  A counter sweepback, a t  t h e  t r a i l i n g  edge, which a l s o  r i g h t  reduce t h e  

10 



pitch-up, a c t s  i n  accordance with t h e  same principle .  

Double-delta wings, with t h e  sweepback accentuated a t  t h e  apex, have been 

se lec ted  f o r  c e r t a i n  pro jec ts  so as to f a c i l i t a t e  a i r c r a f t  balancing a t  super- 

sonic  cruis ing.  

be r s ,  and t h e  r e su l t an t  decrease i n  s t a b i l i t y  w i l l  compensate t h e  t ransonic  

rearward s h i f t  of t he  aerodynamic center of t he  simple wing. 

these  configurations are subjec t  t o  pitch-up, whose i n t e n s i t y  increases  here 

with t h e  s i z e  of t h e  surface added t o  t h e  nose, 

ample of t h e  progressive tendency t o  nose-up, produced by a f i l l e t  of 8 8  sweep- 

back, added t o  a d e l t a  wing of 6 8 .  

is very s l i g h t  a t  low angles of a t tack  but t he  v o r t i c a l  lift becomes consider- 

a b l e  a t  high angles  of a t tack .  

The load a t  t h e  apex will become,important a t  high Mach num- 

As mentioned above, 

Figure 13 gives a t y p i c a l  ex- 

The increase i n  l i f t ,  r e su l t i ng  from t h i s ,  

The same diagram shows that t h e  bas i c  wing (D) has a pe r fec t ly  r e c t i l i n e a r  

s t a b i l i t y  curve, because of a cut-off of 20% a t  t h e  wing t i p .  

10% cut-off  (B) i s  in su f f i c i en t  t o  prevent t h e  pitch-up connected with the  de- 

crease i n  wing-tip loading a t  high angles of a t t ack .  

Conversely, a 

Lateral f lanks ,  extending t h e  wing toward t h e  upstream s i d e  along t h e  fuse- 

lage  ("planing fins",  Fig.&) play t h e  same role as nose extension, i.e.,  they 

reduce t h e  s t a t i c  margin in supersonic f l i g h t .  

produce an  increase i n  d i r ec t iona l  s t a b i l i t y  a t  high angles  of a t t ack .  

A t  t h e  same time, however, they  

Here, 

Fig.l.4a shows t h a t ,  i n  skidding f l i g h t ,  t h e  vortex of t h e  windward planing L1 
f i n  produces in tense  negative pressures along t h e  la teral  f lanks  of t h e  fuselage 

(favorable yawing moment) and on the  suc t ion  s i d e  of t h e  f i n  ( r o l l i n g  moment). 

This l eads  t o  a considerable increase in d i r ec t iona l  s t a b i l i t y  a t  high angles  of 

a t t a c k .  

i n  s l ende r  wing designs,  is f u r t h e r  accentuated by t h i s  device. 

Unfortunately, t h e  posi t ive induced m l l ,  which a l ready  i s  predominant 

The abrupt  de- 
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crease i n  these  coef f ic ien ts ,  AC,, and ACl , beyond lo" of s i d e s l i p  ( i  = 180 ) 

corresponds to a separat ion of the  vortex sheet  on t h e  windward s i d e  of t h e  

wing, a phenomenon which w i l l  be discussed i n  more d e t a i l  later i n  t h e  text. 

The lift increment and t h e  tendency t o  nose-up produced by these  lateral 

f lanks  (Fig.&b) w i l l  o c c w  only a t  a r e l a t i v e l y  high angle of a t t ack ,  desp i t e  

t h e  f a c t  that t h e s e  f lanks  have a sharp leading edge. 

The degradation of t h e  funnel-&ped vortex shee ts ,  a t  a ce r t a in  d is tance  

from t h e i r  o r i g i n ,  is  a phenomenon t h a t  is of importance only i f  it occurs above 

t h e  suc t ion  s i d e  of t h e  s lender  wing. 

v o r t i c a l  regime w i l l  r e s u l t  i n  an  abrupt decrease i n  t h e  negative pressures in- 

duced on t h e  rear sec t ion  and thus w i l l  lead t o  loss of l i f t  and tendency t o  

p i t  ch-up. 

I n  t h a t  case, t h i s . d i s c o n t i n u i t y  i n  t h e  

For a given sweepback, t h i s  %breakawayt* advances progressively from t h e  

t r a i l i n g  edge t o  t h e  nose, with increasing angle of a t tack .  

pears a t  the  t r a i l i n g  edge a t  angles  of incidence t h a t  are lower t h e  mre  t h e  

sweepback i s  moderate [Figs . l% and b, according t o  R.A.E. tests (Bibl.4)]. 

t h e  a i r c r a f t  is  i n  a s ides l ip ,  the  wing "facing t h e  wind" which has  t h e  l e s s  

e f f e c t i v e  sweepback is the f i r s t  t o  be struck by t h i s  breakaway, r e s u l t i n g  i n  a n  

abrupt  decrease i n  roll and i n  d i r e c t i o n a l  s t a b i l i t y  (see Fig.l,!,a). 

The breakaway ap- 

If 

A t y p i c a l  example f o r  t h i s  phenomenon, observed on a special wing with 

double sweepback (de l t a  6d', with a n  8 8  sweepback nose) a t  t h e  Cannes wind 

tunnel ,  i s  given i n  F ig .15~ .  

incidences,  makes it possible t o  loca l i ze  t h i s  breakaway, which r e s u l t s  i n  a n  

abrupt  drop  i n  l i f t  and a v io l en t  pitch-up. 

t i o n  i n  t h e  hydrodynamic tunnel is i n  complete agreement with t h e  wind-tunnel 

results . 

The course of t h e  w a l l  flow, a t  two adjacent  high 

Let  us mention that t h e  v isua l iza-  
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3.  Hyperlift of Slender Wings 

A st rong hyper l i f t ,  comparable t o  that obtained with present-day a i r c r a f t  

of high aspect  r a t i o ,  is  out  of question f o r  s lender  wings, f o r  t h e  two  follow- 

i n g  reasons: 

The e f f i c i ency  of a f l a p  decreases with t h e  aspect r a t i o  of t he  wing; 

The nose-heavy mment, produced by the  de f l ec t ion  of t he  f l a p ,  is re la -  

t i v e l y  high because of t h e  la rge  l eve r  am between t h e  center  of grav i ty  

and t h e  center  of app l i ca t ion  of t h e  supplementary lift. 

compensation of a s t rong h y p e r l i f t  is inpossible  with empennages located 

a t  reasonable dis tances  forward o r  aft  of t he  fuselage.  

I n  t h i s  case, 

The problem of longi tudina l  balancing is thus mre r e s t r i c t i v e  i n  t h i s  

case than  that of t h e  i n t r i n s i c  e f f ic iency  of a h y p e r l i f t  device. 

3.1 - A ca lcu la t ion  of t h e  inf luence of flaps on s l ende r  wings presents  /8 
ri0 d S f l c u i i y *  Tiie rk,eoe-eciric Diethod is &ill of gl.at 1, LL.9- 

V 6 1 U G  1 1 1  c111.l.3 W a c  J 

f o r  determining not  only t h e  e f f ic iency  of a f l a p  or of an  e leva tor  or roll 

s t a b i l i z e r  but  a l s o  t h e  loca t ion  of t h e  center  of t h r u s t  of t h e  l i f t  v a r i a t i o n  

(secondary a.c.). 

t i o n  made on an  i so l a t ed  wing i n  t h e  e l e c t r i c  trough and t h e  fu l l - sca le  mockup 

tes t s  i n  t h e  wind tunnel.  

Figure 16 shows the  exce l len t  agreement between t h i s  calcula- 

On t h i s  example of a gothic  d e l t a  wing with moderate sweepback, it was 

found that 

chord ( s t a t i c  rrargin of 3.5$), t h e  center  of appl ica t ion  of ACL i s  located a t  

80%, i.e., qu i t e  far i n  back of t h e  chord. 

a h y p e r l i f t  f l a p ,  by using a tail u n i t  mounted near t h e  t r a i l i n g  edge or near 

t h e  lead ing  edge, one could be tempted t o  elongate such a slender-wing a i r c r a f t  

excess ive ly ,  which it a l ready  had been by def in i t ion .  

f o r  a center  of gravity located, f o r  example, a t  50% of t h e  mean 

To balance t h e  nose-heavy moment of 

Conversely, i n  t h e  absence 
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of hype r l i f t ,  t h e  balancing of a t a i l l e s s  aircraft requi res  only s l i g h t  nega- 

tive def lec t ions  if t h e  s t a t i c  rrargin is low. 

3.2 - The se l ec t ion  of t h e  type of h y p e r l i f t  f l a p  depends on t h e  des i r ed  AG . 
(Fig.17) . 

A s l o t l e s s  f l a p ,  on a classical 600 d e l t a  wing (Fig.17a) has a n  e f f i c i ency  

which agrees  s a t i s f a c t o r i l y  with t h e  ca lcu la t ion  (Bibl.5) up t o  about 19 de- 

f l ec t ion .  

ency passing through a maximum near 49 def lec t ion .  k a c t i c a l  experience has 

a l s o  shown t h a t  a n  increase i n  t h e  span of t h e  f l a p ,  which i n  pr inc ip le  is  of 

i n t e r e s t  f o r  t h e  increment AG, unfortunately leads t o  a prohib i t ive  overload a t  

t h e  wing t i p  which stalls  prematurely as soon as t h e  low angles of a t t a c k  r e s u l t  

i n  a longi tudina l  i n s t a b i l i t y  (pitch-up) . 

A s l o t  pennits extending t h i s  agreement up t o  30°, w i t h  t h e  e f f i c i -  

A reduction i n  wing span (aspect r a t i o  changing fron 2.18 t o  1.34 by t run-  

ca t ing  t h e  wing t i p ) ,  f o r  a given h y p e r l i f t  f l a p  w i l l  r e s u l t  i n  a considerable 

loss of e f f i c i ency  ( F i g . 1 7 ~ )  which could then be minimized by using wing-tip 

d i s k s  which increase  t h e  e f f ec t ive  aspect  r a t io .  

The problem of boundary-layer control  by f l a p s  is wel l  known (Bibl.6, 7, 

and 8) and is  used i n  numerous aircraft. 

r i n g  t o  a 68 d e l t a  wing with pressure s l o t s ,  t e s t ed  a t  t h e  R.A.E. f o r  use i n  

t h e  T.S.R.2 supersonic a i r c r a f t ,  showed that such e j ec t ion  of a n  a i r  je t  w i l l  

r e s t o r e  t h e  flow on t h e  f l a p  [AC, equal t o  t h a t  calculated f o r  a per fec t  f l u i d  

by a method given elsewhere (Bibl.S)] f o r  values of t h e  suc t ion  f a c t o r  which 

increase  with t h e  de f l ec t ion  (here,  C, This boundary- 

layer con t ro l  by pressure s l o t s  (compressed a i r  tapped from t h e  jet-engine com- 

The example shown i n  Fig.l7b, r e fe r -  

0.01 f o r  CY, = 58). 

pressor )  r ead i ly  permits a doubling of t h e  lift of a " s l i m "  a i r c r a f t  a t  landing 

incidences.  In  f a c t ,  i n  t h e  very th in  wings of supersonic aircraft  it is easier 



. 

t o  i n s t a l l  high-pressure suct ion ducts  ending in rota ing  laps than t o  i n s t a l l  

t h e  complicated kinerratic system of c l a s s i c  s l o t t e d  flaps with recoi l .  

Nore in tense  e j ec t ion  of a i r  (cont ro l  of t he  c i r c u l a t i o n )  can be obtained 

by de f l ec t ing  t h e  engine j e t s ,  as discussed below (Fig.28) . 
4. Longitudinal S t a b i l i t y  of Slender WinRs 

Let  us first review b r i e f l y  the  th ree  pr inc ipa l  methods of longi tudina l  

balancing f o r  t h e  s inp le  case of a schematic a i r c r a f t  without hype r l i f t :  

I n  Fig.18, t h ree  d i f f e r e n t  a i r c r a f t  configurations are given: 

without t a i l  u n i t  (f lfing wing) ; 

with r e a r  t a i l  un i t ;  

with canard-type empennage. 

A 

The centers  of g rav i ty  of these  t a i l  u n i t s  were so arranged t h a t  t h e  s t a t i c  

margin was t h e  same (aerodynamic center  a t  3% of t h e  mean chord aft  of t he  center  

of grav i ty) .  

i ng  the  control  sur face  which l e a d s  t o  a l o s s  i n  coef f ic ien t  of lift f o r  tail- 

l e s s  a i r c r a f t  with rear t a i l  u n i t  bu t  t o  an increase i n  coe f f i c i en t  of lift f o r  

a canard a i r c r a f t  : 

The balancing, a t  a given angle  of a t t ack ,  is  obtained by de f l ec t -  

where d+ and GS , respect ively,  are the d is tances  f r o m  t h e  center  of grav i ty  t o  

t h e  focus  of t h e  a i r c r a f t  and t o  t h e  secondary focus of t he  control  surface.  

t h e  a c t u a l  case, a t a i l l e s s  a i r c r a f t  will s u f f e r  a lift decrement, due t o  t h e  

balancing , of -AQ = 12% G , w h i l e  an  a i r c r a f t  w i th  a rear t a i l  u n i t  w i l l  have 

a loss i n  lift of only l& and t h e  canard-type a i r c r a f t  w i l l  have a gain in l i f t  

of 3.2%. 

I n  



4 . 1 Tailless Ai rc ra f t  

4.1.1 - To reduce t h e  lift decrement, due t o  the  balancing of an  a i r c r a f t  

without t a i l  u n i t ,  one p o s s i b i l i t y  is  to  reduce t h e  s t a t i c  s t a b i l i t y  margin t o  

a minimum. I n  t h i s  d i r e c t i o n ,  however, a l i m i t  is  produced by t h e  necess i ty  of 

maintaining s t a b i l i t y  up to the  highest angles  of a t t a c k  usefu l  t o  a given air- 

c r a f t .  If t h e  s t a b i l i t y  curve i s  not  l i n e a r  but ,  as f requent ly  i s  the  case i n  

s lender  wings, shows a tendency t o  nose-up a t  high l if ts ,  t h e  s t a t i c  margin w i l l  

be excessive i n  c ru is ing  f l i g h t ,  r e su l t i ng  i n  a n  increase i n  balancing drag. 

I n  t h i s  respect ,  it should be recal led t h a t  t h e  balancing drag can be consider- 

ably reduced because of t h e  existence of a l a w  of spanwise camber and t w i s t  of 

wing p r o f i l e s  (Bibl.9 and 10) i n  such a xranner t h a t  t he  a i r c r a f t  is s e l f -  

balanced at t h e  c ru is ing  C, , without de f l ec t ion  of t h e  cont ro l  surface ( f o r  

example, t h e  "Concord" pro jec t ) .  The weak tail-heavy moment C, , r e su l t i ng  i n  

t h i s  case, is generally i n s u f f i c i e n t  f o r  ba-iancing t'ne aircrafi mi 'takeoff ziid 

landing. 

4.1.2 - Strongly cambered forms are des i r ab le  f o r  b lunt  l i f t i n g  bodies 

during re-entry from space so as t o  ensure t h e i r  longi tudina l  self-balancing a t  

high angles  of a t tack .  Figure 19 shows the  aerodynamic cha rac t e r i s t i c s  of such 

a supersonic g l i d e r  a t  landing speeds. 

edge, t h e  v o r t i c a l  lift appears o n l y  near an angle  of a t t a c k  of 9. 
t i o n  of f i n s  at the  wing t i p  w i l l  increase t h e  lift gradient  a t  t h e  o r i g i n  (in- 

On t h e  goth ic  wing with rounded leading 

An i n s t a l l a -  

crease of t h e  e f f ec t ive  aspect  ra t io  by a trpanel't e f f e c t )  but counteracts t h e  

development of v o r t i c a l  lift (Fig.19a). 

t u d i n a l  s t a b i l i t y  but w i l l  make t h e  curve (G , C. ) p r a c t i c a l l y  l i n e a r  a t  a Go 

s u f f i c i e n t l y  high t o  ensure a self-balancing near angles of a t t a c k  of 10" . 
l ong i tud ina l  control ,  i n  t h i s  case, w i l l  then require only negl ig ib le  de f l ec t ions  

16 

Such double fins will reduce t h e  longi- 
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of t h e  elevons (Fig.19b). Of i n t e r e s t  i s  a l s o  t h e  r e l a t i v e l y  high value of t h e  

maximum f ineness  r a t i o  f o r  a body of such l o w  aspect  r a t i o ,  which renders it 

Yandable" . 
As i n  a l l  wings with s t rong  taper, t h e  rol l  induced by t h e  s i d e s l i p  is 

q u i t e  considerable but cont ro l  i n  r o l l  is f a c i l i t a t e d  by d i f f e r e n t i a l  d e f l e c t i o n  

of t h e  elevons (F ig .19~) .  F ina l ly ,  t h e  d i r e c t i o n a l  s t a b i l i t y  increases  with 

t h e  incidence i n  t h i s  p a r t i c u l a r  configuration with lateral  f i n s  (Fig.lgd) . 

/10 

4.1.3 - It is w e l l  known t h a t  the  h y p e r l i f t  e f f i c i ency  of a pressure-side 

f l a p  diminishes as soon as i t s  hinge advances toward t h e  leading edge (Fig.20). 

However, a moderate gain i n  lift is of g rea t  importance i f  t h e  pi tching moment 

created is  e i t h e r  zero o r  a f o r t i o r i  of t h e  tail-heaviness type,  when used f o r  

a t a i l l e s s  a i r c r a f t .  P rac t i ca l  experience has shown t h a t  a n  optimum placement 

i n  depth exists, leading t o  a mldmum lift increment without modification of t h e  

p i tch ing  mment. 

f o r  a s p e c i f i c  configurat ion of a s t rongly def lec ted  f l a p .  T h i s  device would 

a l s o  produce a so$ increase  i n  a i r c r a f t  d rag ,  which has a favorable inf luence 

on t h e  reduction of the  rate of en t ry  i n t o  t h e  range of  ve loc i ty  i n s t a b i l i t y  

("second regime" o r  s t a l l e d  condition). 

inherent  drawback of t a i l l e s s  a i r c r a f t  w i t h  tapered wings, due t o  t h e i r  low 

f ineness  r a t i o ,  can be kept t o  a to l e rab le  value by a s u i t a b l e  adaptat ion of t h e  

jet-engine regixe t o  t h e  k i n e t i c  f l i g h t  pressure. 

A gain i n  lift of 18% a t  t h e  approach angle has been obtained 

Th i s  ve loc i ty  i n s t a b i l i t y ,  which is an 

4.2 Canard Ai rc ra f t  

The pr inc ip le  of longi tudinal  s t a b i l i z a t i o n  of a h y p e r l i f t  wing by a canard 

des ign  i s  qui te  a t t r a c t i v e ,  s ince a p a r t  of i t s  inherent  lift i s  added t o  that 

of t h e  f l a p s  and s ince  i t s  l e v e r  arm, with respec t  t o  t h e  center  of grav i ty ,  
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can general ly  be grea te r  than  t h a t  of a rear tai l  group. However, t h i s  con- 

f igu ra t ion  has been used only i n  rare cases, f o r  various reasons of which t h e  

most important are as follows: 

Increase i n  s t r u c t u r a l  weight of t h e  fuselage nose which m u s t  be rein- 

forced t o  carry t h e  loads of a &nard design. 

In te rac t ions  due t o  t h e  vor t ices  shed by t h e  canard design and reaching 

e i t h e r  t h e  wing a t  a c e r t a i n  incidence (loss of longi tudina l  stability) 

or t h e  f i n  a t  a c e r t a i n  s i d e s l i p  ( loss  of d i r ec t iona l  s t a b i l i t y ) .  Below, 

we will l i s t  methods f o r  minh iz ing  these  in te rac t ions .  

4.2.1 - The ONEXA has done extensive bas i c  research on t h e  ca lcu la t ion  and 

t e s t i n g  of canard-type empennages, useful  f o r  rockets o r  a i r c r a f t .  We w i l l  

merely list some of t h e  resul ts  of these ca lcu la t ions  f o r  incompressible flow: 

a) L i f t  of a canard planform: Figure 21 gives a comparison of computation- 

a l  and empir ical  da ta  f o r  a combination of swivelable canard fuselage with re- 

spec t  t o  t h e  lift gradients  obtained, respec t ive ly ,  by e f f e c t s  of angle  of 

a t t a c k  and f l a p  def lec t ion .  

sence of a fuselage,  has been calculated on t h e  bas i s  of t h e  l i f t  of a n  i so l a t ed  

The lift gradient  of t he  canard type,  i n  t h e  pre- 

canard and of t h e  coe f f i c i en t s  of rec iproca l  i n t e rac t ion ,  based on t h e  theory 

of s l ende r  bodies (Bib1.11, 12). This ca lcu la t ion  i s  i n  s a t i s f a c t o r y  agreement 

with t h e  experimental r e s u l t s  obtained by d i f fe rence  neasurements of (fusel-age + 

+ canard) and (fuselage alone) configurations.  

b )  The ca lcu la t ion  of t he  pitching moment, applied t o  t h e  canard plan- 

form, i s  obtained on t h e  basis of t h e  theory f o r  s lender  bodies. To avoid long 

/11 

ca lcu la t ions ,  it i s  assumed that t h e  negative lift induced by t h e  canard plan- 

form on t h e  wing (Bibl.13) i s  applied a t  t h e  center  of grav i ty  of t h e  evolu- 

t i o n a l  part of t h e  wing sec t ion  exposed t o . t h e  vortex sheet shed from t h e  canard 
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(Bib1 .a) .  

configurations of a de l t a -canad  a i r c r a f t  with 6d' sweepback, on which e i t h e r  

t h e  lever arm o r  t h e  surface of  t h e  canard planform were varied.  

Figure 22 gives a comparison of ca lcu la t ion  and experiments f o r  two 

This calcula- 

t i o n ,  performed on t h e  basis of experimental da ta  obtained on t h e  (wing + fuse- 

lage)  configuration agrees  s a t i s f a c t o r i l y  with t h e  tests. 

c )  boceeding  from t h e  above computational methods, it is possible  t o  ob- 

t a i n  an  approximate d e f i n i t i o n  of t h e  posi t ioning and t h e  s i z e  of a canard 

plane, capable t o  compensate a c e r t a i n  h y p e r l i f t  output.  Figure 23 ind ica t e s  

t h e  e f f ic iency  of a pivot ing o r  swivelable canard (rated here i n  degree of de- 

f l e c t i o n  per u n i t  hCL,.furnished by t h e  hyperlift f l a p )  as a func t ion  of t h e  

lever arm and of t h e  dimensions of the canard. 
- A  

It w i l l  be noted pa r t i cu la r ly  

t h a t  an increase i n  span o r  an  increase i n  t h e  l eve r  arm will no longer be 

pro f i t ab le  above ce r t a in ,  relatively moderate, values. I n  subsequent tests, we 

adopted a canard span equal t o  three times t h e  diameter of t h e  fuselage and used 

a d i s t ance  between t r a i l i n g  edges about 1.7 times that of t h e  mean chord of t he  

wing. 

4.2.2 - A systematic experimental s tudy of t h e  balancing of c l a s s i c  s l o t t e d  

f l a p s  was conducted on an  a i r c r a f t  mckup with a 600 del ta-gothic  wing, w i t h  

conica l  camber i n  t h e  median p s i t i o n  along t h e  fuselage.  

ments were m d e  with swivelable,  f l oa t ing ,  and f ixed canard planforms with 

Successive experi- 

suc t ion  flaps. 

balanced l i f t s  obtained f o r  one and the same s t a t i c  Icargin (4.3% of t h e  niean 

chord) 

The comparative results are presented i n  Fig.24 i n  t h e  form of 

I n  each case, t h e  canard remined at a locked-in d e f l e c t i o n  a t  va r i ab le  

incidence,  and t h e  balancing was obtained by varying t h e  de f l ec t ion  of a f l a p  

a c t i n g  as "elevon". 

a) The swivelable canard was of t h e  type analyzed previously (Fig.23). Its 



balancing power was l imi ted  by i t s  possible stall a t  combinations of angles  of 

a t t a c k  and de f l ec t ion  t h a t  approach t h e  rraximum coe f f i c i en t  of lift f o r  a 60" 

d e l t a  plane. 

t he  swivelable canard is plot ted as a funct ion of t h e  angle  of a t t a c k  f o r  two 

extreme def lec t ions  of 0" and 19 . 
= 19, it is obvious that t h e  increment ACL,  useful f o r  t h e  balancing, is l imi ted  

by i ts  rraximm l i f t  (i + B = about 3 8  ) . 

This drawback is  c l e a r l y  indicated i n  Fig.2%, where t h e  lift of 

A t  a relatively high angle  of a t t a c k  of i = 

b )  The pr inc ip le ,  if not i ts  ac tua l  construction, of a "floating" canard 

i s  qu i t e  a t t r a c t i v e .  

i s  control led by a small f l a p  (trail ing-edge %ab"). 

pos i t ion  of t h i s  f l a p ,  t h e  lift obtained on t h e  r i g h t  of t he  swivel axis i s  

almost independent of t h e  incidence, so t h a t  t h e  prime advantage of a f l o a t i n g  

canard is t h a t  of being t%ransparentlr, i.e., i ts  presence produces p r a c t i c a l l y  

no changes i n  t h e  s t a t i c  margin of t h e  (wing + fuselage)  configuration, which 

permits a more rearward s h i f t  of t h e  center  of grav i ty  than i n  t h e  case of t h e  

preceding design. 

c r a f t  and a smaller l e v e r  arm f o r  t h e  hype r l i f t  f l a p .  

This type i s  f r ee  t o  pivot about a hinge and i ts  s e t t i n g  

Consequently, f o r  a given 

This will lead t o  a l a r g e r  l eve r  ann f o r  t h e  canard type a i r -  

Its second advantage l ies i n  t h e  f a c t  that t h e  usefu l  lift f o r  balancing 

is much greater than t h a t  of t h e  swivelable canard whose angle of de f l ec t ion  is 

l imi ted  by t h e  breakaway (function of i + 8 )  since here t h e  e n t i r e  lift a t  

high incidences can be u t i l i z e d .  

one is  no longer l imi ted  by t h e  CL 

a t t a c k .  

a b l e  increase  of t he  ava i lab le  tail-heavy moment, of t he  order  of 2.2 times that 

poss ib l e  with a swivel canard. 

/12 
Figure 25b shows t h a t ,  under these  conditions,  

of t h e  d e l t a  t y p  a t  high angles of  

T h i s  double advantage, i n  t he  presented example, leads t o  a consider- 

The "floating" canard, f ixed a t  t h e  i n s t a n t  of piercing t h e  sonic  barrier, 



permits a reduction i n  t h e  excess s ta t ic  m r g i n  of t h e  aircraft i n  t h e  super- 

sonic  range, which cons t i tu tes  s t i l l  another advantage. 

However, it is obvious t h a t  such a device w i l l  require  considerable supple- 

mentary research, s p e c i f i c a l l y  as t o  its dynamic behavior and t o  t h e  possible 
I 

t ransonic  d i f f i c u l t i e s  expected from such a "floating" configuration. 

C) The canard with pressure slots ,  t e s t ed  here  and having a lozenge plan- 

form, is  mounted t o  the  upper portion of t h e  wing w i t h  a pos i t ive  d ihedra l  of 

19 so as t o  remove the  r e su l t an t  vor t ices  as f a r  away from t h e  plane of t he  

median wing as possible. 

t angen t i a l  e j ec t ion  of air, which permits r e s to ra t ion  of smooth flow a t  high 

def lec t ions .  

t h e  r a t i o  of l i f t  increment bCL, t o  ava i lab le  t h r u s t  ( coe f f i c i en t  C, of a i r  

e j ec t ion )  is  of t h e  order  of 6 i n  t h e  example given i n  Fig.24. 

t h e  lift, balanced by pressure s l o t s  on t h e  cont ro l  surface def lec ted  by 6 8 ,  

corresponds t o  a constant t h r u s t  of t h e  a i r  compressor such that k / G  = T, /P = 

= 0.015. 

t r o l  a t  low angles of a t t a c k ,  which is a phenomenon due t o  a v o r t i c a l  i n t e r -  

a c t i o n  which w i l l  be discussed later i n  t h e  text. 

Only t h e  control surface i s  movable, producing a 

The lift e f f i c i ency  of t h i s  canard with pressure s l o t s ,  namely, 

The curve of 

There i s  a lack of l i n e a r i t y  of t h e  curves f o r  t he  l i f t  and f o r  con- 

The comparison shee t  of t h e  balanced h y p e r l i f t  of t h e  th ree  above solutions, 

a t  an approach incidence of 12, w i t h  t h e  value obtained f o r  a tai l less air- 

c r a f t  a t  t h e  same s ta t ic  m r g i n ,  ind ica tes  increasing gains,  as follows: 

Tailless a i r c r a f t  0.39 

Airc ra f t  with swivel canard 0.63 

Airc ra f t  with f l o a t i n g  canard 0.73 

A i r c r a f t  with pressure-slot  canard 1 
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~ These impressing lift increments over tailless aircraft obviously are 
, 

accompnied by a n  increase i n  t h e  maximum f ineness  lift, resu l t i ng  i n  a notable 

reduction of t h e  ve loc i ty  of en t ry  into t h e  second regime during t h e  approach 

I f l i g h t  . 
I 

I 4.2.3 - The regime of in tense  v o r t i c i t y  i n  t h e  downwash from t h e  def lec ted  

canard unfortunately interferes with both longi tudina l  and t ransverse  s t a b i l i t y ,  

which may have ser ious  results i n  cases of poorly invest igated configurations.  

l a)  Typical per turbat ions,  observed with respect  t o  t h e  longi tudina l  sta- 

b i l i t y  of two configurations of canard a i r c r a f t  with pressure-slot  cont ro l  are 

shown i n  Fig. 26. 

I n  t h e  case (a)  of a median wing with pos i t ive  s e t t i n g  and a low pos i t ion  

of t h e  canard cont ro l  surface,  t h e  sharply def lec ted  vor tex  sheet  shed by t h e  /13 

canard approaches t h e  underside of t h e  wing only near  an  angle of a t t a c k  of '?. 
A t  t h i s  i n s t a n t ,  t h e  local superveloci t ies  induced by t h e  vortex a t  t h e  pressure 

s ide  of t h e  wing w i l l  r e s u l t  i n  a loss of lift and a v io l en t  tail-heavy mment, 

which makes t h i s  configuration useless  a t  angles of a t t a c k  between '? and 12 

The configurat ion (b),  cmversely,  uses a canard with pressure s l o t s ,  

placed high on t h e  fuselage a t  a posi t ive dihedral .  

sheet  s t r i k e s  t h e  pressure s ide  of t h e  wing a t  t h e  median posi t ion,  s t a r t i n g  

from very low angles of a t t ack ;  these perturbations disappear again a t  an  angle 

of 9 a t  a time a t  which t h e  vortex sheet has passed t o  t h e  suc t ion  s i d e  of t he  

wing ( a t  t h i s  i n s t a n t ,  t h e  induced superveloci t ies  r e s u l t  i n  a supplementary 

I n  t h i s  case, t h e  vor tex  

-A lift and i n  a nose-heavy moment). 

A more d e t a i l e d  inves t iga t ion  showed t h a t  t hese  perturbations can be ne- 

g lec ted  at  s t i l l  lower angles of a t tack  (i.e., ou ts ide  of the  domain of approach 

f l i g h t )  f o r  a wing of low posit ion.  
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b) The per turbat ions observed wi th  respect t o  t ransverse  s tabi l i ty  a l s o  

Figure 27 o r ig ina t e  i n  t h e  vor tex  sheet  which, t h i s  time, forms a t  t h e  f i n s .  

illustrates t h i s  phenomenon f o r  t h e  case of a n  a i r c r a f t  with swivelable canard 

(deflected a t  19) i n  s ides l ip :  

form a t  t h e  suc t ion  s i d e  of t he  wing and t h u s  s t r i k e  t h e  f i n  (o r  f i n s ) .  

A t  a n  angle of a t t a c k  of 19, t he  vor tex  shee ts  

I n  t h e  case of a s ingle-f in  aircraft ,  t h e  vor tex  system induces superve- 

l o c i t i e s  which produce an unstable moment which lasts u n t i l  t h e  angle of s ide-  

s l i p  becomes s u f f i c i e n t l y  la rge  t o  have t h e  t w o  vo r t i ce s  be located on t h e  same 

s i d e  of t h e  f i n .  

become favomble.  

The moment, due t o  th6  induced negative pressures,  w i l l  then 

I n  t h e  case of a t m - f i n  a i r c r a f t  where t h e  f in s  have a spacing equal t o  

t h e  span of t he  canard control  surface,  t h e  phenomenon is exact ly  opposi te  s ince ,  

a t  zero s i d e s l i p ,  t h e  two vor t ices  a re  located between t h e  f i n s .  

r e c t i o n a l  s t a b i l i t y  is  exce l len t  u n t i l  t h e  t w o  vo r t i ce s  pass along t h e  outs ide  

o f  one of t he  f i n s  toward j = 8 ,  which again will lead t o  d i r e c t i o n a l  ins ta -  

b i l i ty .  

if they are i n s t a l l e d  i n  t h e  p t h  of t h e  vortex sheet  shed by t h e  wing, i.e., 

t oo  close t o  t h e  wing t i p s .  

Thus, t h e  di-  

L e t  us recall  t h a t  these upper-side f i n s  m y  cause a v io len t  pitch-up 

F ina l ly ,  t h i s  same Fig.27 shows t h a t  t h e  presence of a canard con t ro l  

sur face ,  i n  t h e  absence of f i n s ,  is  of bene f i t  f o r  t he  d i r ec t iona l  s t a b i l i t y  a t  

low angles of a t t a c k  because of t h e  superveloci t ies  induced by t h e  v o r t i c e s  

a long  t h e  f lanks of t h e  fuselage. T h i s  phenomenon i s  similar to t h a t  nentioned 

above f o r  t h e  l a t e r a l  f lanks  of t h e  fuselage (Fig.&). 

4.2.4 Balancinp by Jet  at  t h e  FuselaRe Nose 

The present development of very light-weight 1st jets f o r  ce r t a in  V.T.O.L. 
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nose-heavy mment, corresponds to kN = 0.38 which i s  added t o  t h e  preceding Gw 

to y ie ld  a t o t a l  compensated lift of CLT 

mechanical equipment represents  about 58% of t h e  a i r c r a f t  weight, of which 20% 

are taken up by t h e  balancing je t .  These orders  of magnitude are not prohibi- 

tive f o r  a n  S.T.O.L. a i r c r a f t  designed f o r  supersonic f l i g h t .  

3.6 a t  zero incidence. This t o t a l  

Less extensive hype r l i f t s ,  corresponding t o  a pos i t ive  de f l ec t ion  of t h e  

o rde r  of 9 of a c l a s s i c  elevon, can be compensated by t h r u s t s  (assumed as being 

appl ied  at  a d is tance  equal t o  one mean chord, forward of t h e  center  of gravi ty)  

c o n s t i t u t i n g  less than 7% of t h e  aircraft  weight. 

a t  approach, with respect  t o  t h e  t a i l l e s s  a i r c r a f t ,  is of t h e  order  of 40%. 

The r e s u l t a n t  lift increment 

... 

a i r c r a f t  promises t h e i r  l a te r  use f o r t h e  longi tudinal  balancing of hyperlift 

devices i n  a i r c r a f t  with s lender  wings. 

t o  that of a canard with pressure slots but such a simple j e t  will produce no 

per turba t ion  of t h e  a i r c r a f t  s t a b i l i t y  (Bibl.15) . 

The lift e f f i c i ency  i s  qu i t e  i n f e r i o r  

/Uc 

As a t y p i c a l  example, we are giving here an evaluat ion of t h e  t h r u s t  re- 

quired a t  t h e  f r o n t  of t h e  fuselage f o r  compensating a s t rong  hype r l i f t .  

Figure 28 presents r e s u l t s  of t he  lift and moments obtained i n  t h e  Cannes 

wind tunnel with a 6 8  d e l t a  a i r c r a f t  mockup, equipped with a cen t r a l  pressure 

f l ap .  To minimize t h e  nose-heavy moment and t o  increase t h e  e f f ic iency  of  t h e  

f l a p ,  t h e  l a t te r  was placed i n  f r o n t  of t h e  t r a i l i n g  edge between f i n s ,  forming 

panels. 

quired f o r  re-attachment of t h e  boundary l aye r  and correspond t o  an  extensive 

con t ro l  of c i r cu la t ion  (Bibl.2). Deflections of t h e  f l a p  up to 90” w i l l  become 

possible  and t h e  coef f ic ien ts  of lift obtained a r e  very high f o r  a wing of such 

low aspec t  r a t i o :  CLw = 3.2 f o r  C, = 1.7 a t  i = 8 .  

t h r u s t  produced by t h e  vertical j e t  at the  fuselage nose, f o r  compnsating t h e  

The pressure coef f ic ien ts  used he re  are qui te  super ior  t o  those re- 

Calculation shows t h a t  t h e  



The t h r u s t  of t h e  nose jet obviously must be kept under con t ro l  a t  t h e  approach 

incidence so as t o  avoid a r eve r sa l  of the  d i r ec t ion  of t h e  e l e n n  control ,  

which would r e s u l t  f r o m  a constant t h r u s t  of the  balancing jet. 

4.3 Aircraft with Rear Tail Group 

The ca lcu la t ion  of an aircraft w i t h  rear t a i l  unit of a s lender  w i n g  is 

d i f f i c u l t  because of t h e  more o r  less intensive i n t e r a c t i o n  of t h e  vo r t i ce s  shed 

by t h e  wing, depending on t h e  posi t ion i n  height and t h e  rearward s h i f t  of t h e  

t a i l  group. Therefore, systematic tests w e r e  made a t  t h e  ONERA t o  attempt t h e  

de r iva t ion  of c e r t a i n  general  l a w s  and t o  study t h e  longi tudina l  per turbat ions 

that a rear t a i l  u n i t  might exert on the  a i r c r a f t .  

4.3.1 - The v a r i a t i o n  in t h e  experimental posi t ion of the  a.c. with t h e  

lever arm of a t a i l  group, i n  a ,position s l i g h t l y  lower than  the  wing, is  given 

as a t y p i s l  example i n  F i ~ . 2 9 a ,  - f o r  an aircraft with 6 8  del ta-gothic  wings. 

The experimental values are i n  s a t i s f a c t o r y  agreement with a ca lcu la t ion  made 

on t h e  basis of t es t  da t a  obtained f o r  t h e  (wing + fuselage)  configuration, 

making use of experimental laws of def lec t ion  and lift of t h e  i so l a t ed  t a i l  

uni t .  

4,.3.2 - An increase  i n  t h e  l eve r  arm permits a balancing of higher l i f t s  

f o r  one and the  same t a i l  un i t .  Figure 29b shows t h e  l i f t  increment obtained 

f o r  t h e  same s t a t i c  margin with respect t o  a tailless a i r c r a f t  compensated by 

negat ive elevons. 

Wing assembly, t he  increment is  even g rea t e r  (of t h e  order  of 40%, f o r  t h i s  

pn t i cu la r  s t a t i c  margin of 5%). 

For a tail unit, placed close t o  t h e  t r a i l i n g  edge of t h e  

4.3.3 - The inf luence of t h e  posi t ion i n  height of t h e  t a i l  group i s  /15 
i l l u s t r a t e d ,  i n  Fig.30, by the  slope of t h e  longi tudina l  s t a b i l i t y  curves ob- 



t a ined  i n  this case: 

I n  t h e  low posi t ion,  t h e  presence of a ta i l  u n i t  r e s u l t s  i n  a consider- 

a b l e  increase i n  s t a b i l i t y ,  because of t h e  value of t h e  prevai l ing mean 

d e f l e c t  i on  . 
For a pos i t ion  of t h e  t a i l  un i t  a t  midheight of t h e  f i n ,  t h e  s t a b i l i t y  

decreases g rea t ly  a t  low angles of a t t a c k  (becoming c lose  t o  that with- 

ou t  tail group) because of a n  increase i n  def lec t ion ;  i n  addi t ion ,  a 

pitch-up appears as soon as moderate angles of a t t a c k  are reached. 

For s t i l l  higher posi t ions of t he  t a i l  group, t h e  s t a b i l i t y  a t  low 

angles  of a t t a c k  increases  again but t h e  abrupt tendency t o  pitch-up 

persists, due t o  t h e  influence of t h e  vortex f i e l d  of  t h e  wing assembly. 

4.3.4 - In  t h e  above example, the  aircraft had a s lender  wing of t h e  gothic  

type whose s t a b i l i t y  curve i s  correct .  

esse af a sx.ellnw-tai1. wing with a s t rong i n t r i n s i c  pitch-up (Fig.31). 

drawback w a s  first encountered several years  ago, i n  t h e  s tage  of t h e  advance 

pro jec t  of t h e  experin;ental "Deltaviex" a i r c r a f t  of t he  O m .  A t  tht time, 

wind-tunnel experiments showed t h a t  a low p s i t i o n  of t h e  t a i l  u n i t  permits a 

per fec t  balancing of t h e  tail-heavy moment which occurs a t  angles  of a t t a c k  

above 10" (Fig.3la). 

It is  of i n t e r e s t  t o  mention he re  t h e  

T h i s  

The hype r l i f t  of t h i s  a i r c r a f t  was r e l a t i v e l y  easy t o  achieve and produced 

no t r o u b l e  i n  longi tudina l  s t a b i l i t y .  

t h e  balanced lift increment, obtained with a moderately def lec ted  f l a p ,  f irst  

Figure 31b gives a t y p i c a l  example of 

without and then with t angen t i a l  air-jet ejection-& I n  t h e  l a t t e r  case, the  

curve f o r  e leva tor  cont ro l  is  perfect ly  l i n e a r .  

4.3.5 - Final ly ,  cases exist i n  which t h e  pitch-up of t h e  wing is  due t o  

d e f l e c t i o n  of t h e  h y p e r l i f t  flaps (wing-tip stall a t  high overloads).  Figure 32 
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shows that a t a i l  group i n  low posi t ion will lead t o  a r eve r sa l  of t h i s  pitch-up 

tendency, because of t h e  reduction i n  t h e  mean def lec t ion  s t a r t i n g  a t  t h e  angle  

of incidence at which pitch-up occurs (the loss i n  e f f ic iency  of t h e  f l a p ,  a t  

high angles  of a t t ack ,  contr ibutes  t o  t h i s  favomble  reduction i n  def lec t ion)  

5- Variable-Geometm Aircraft 

Variable geometry is a highly acute subjec t ,  which is  mentioned here be- 
-A 

cause of i t s  possible app l i ca t ion  t o  a i r c r a f t  with s lender  wings f o r  ixproving 

e i t h e r  t h e  performance a t  high speed o r  t h e  performance a t  subsonic and low 

speeds. 

The rearward s h i f t  of t h e  aerodynamic center  i n  t h e  t ransonic  range leads 

t o  f l i g h t s  that a r e  too  stable i n  supersonic cruis ing.  

e i t h e r  by a su i t ab le  t r a n s f e r  of fuel which will s h i f t  t h e  center  of gravity 

rearward (case of t h e  Coricozd aircraft.) o r  by a var iab le  geometry based on t h e  

following pr inc ip les  : 

This can be compensated 

a) Lock-in of a canard control sur face  which had become "floating" /16 
i n  t h e  subsonic range. 

b) Downward swivel of t he  wing t i p s  (case of t h e  Xl3-70) which, a t  the  

same time, permits a reduction i n  t h e  longi tudina l  s t a b i l i t y  and a n  

increase i n  t h e  d i r ec t iona l  s t a b i l i t y ,  which general ly  is c r i t i c a l  on 

approaching Nach 3 .  

c )  Retract ion of a r e a r  t a i l  u n i t  which, a t  low speeds, permits balanc- 

i ng  of a ce r t a in  hyper l i f t  of t he  a i r c r a f t .  

I n  addi t ion ,  a variable-sweep wing conc i l i a t e s  t h e  s t rong sweepback and t h e  

low aspec t  r a t i o  des i rab le  i n  f l i g h t s  at  high speed with t h e  l a rge  aspect  r a t i o  

d e s i r a b l e  f o r  f l i g h t s  at  low speed. 
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Only two  cases of var iab le  geometry w i l l  be discussed below, namely, re- 

tmctable t a i l  u n i t  and sweptback wing. 

5.1 - Experiments were conducted on a schematic r e t r ac t ab le  rear t a i l  unit  

(Bibl.16) i n  t h e  Cannes w i n d  tunnel, using an  aircraft configuration with s lender  

wing (Fig.33). 

The partial  r e t r a c t i o n  of t h i s  t a i l  u n i t  (sweepback changing from 19 t o  

109) s h i f t s  t he  aerodynamic center forward by 3.6% of t h e  chord, i.e., by about 

2/3 of t h e  sh i f t  f o r  compensating t h e  t r a n s i t i o n  t o  t h e  t ransonic  regime 

(Fig.33a). 

is  i t s  ab i l i ty  t o  compensate t h e  nose-heavy moment of a moderate hype r l i f t  on 

t h e  wing. 

t h e  same s t a t i c  margin, is  of t h e  order of 27% a t  a n  approach angle of 120 

(Fig.33b) . 
sur face  of t he  t a l l  -&?it 5y a F w k r  f l a p  which is less cumbersome and more 

e f f i c i e n t .  

v e l o c i t y  of en t ry  i n t o  t h e  second regime (by 70 knots, f o r  a wing loading of 

200 kg/ma on landing; F ig .34~) .  

The addi t iona l  advantage of such a ta i l  u n i t ,  extended a t  low speeds, 

The balanced lift increment, with respect  t o  a t a i l l e s s  a i r c r a f t  of 

Optimum performance i s  obtained by replacing t h e  s l o t t e d  cont ro l  

Here again,  t h i s  hyper l i f t  permits a considerable reduction of the  

5.2 - The pr inc ip le  of a variable-sweep a i r c r a f t  i s  w e l l  known [(Bibl. l7,  

18) and Fig.341 

Because of t h e  a r t i c u l a t i o n  of t h e  wing about a pivot ,  conveniently posi- 

t ioned  along t h e  span, t h e  advantages of  a wing with s t rong  sweepback a t  high 

speeds [supersonic cruis ing,  transonic sea-level f l i g h t  less suscept ible  t o  

g u s t s  because of t h e  low (CLi )o of a very s lender  wing] can be conci l ia ted with 

t h e  advantages of a wing of la rge  aspect r a t i o  and s l i g h t  sweepback ( sa t i s f ac -  

t o r y  subsonic f ineness  r a t i o ,  strong h y p e r l i f t  a t  low speeds). 

sweepbacks, i n  addi t ion ,  permit a n  optimizing of t h e  f l i g h t  i n  t h e  higher sub- 

Intermediary 
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son ic  range ( f c r  example, sweepback of 4$) a t  X 2  0.9). 

In configurations f o r  low-speed f l i g h t s ,  t h e  s t rong  sweepback apex forward 

o f  t h e  deployed wing raises d i f f i c u l t  problems of longi tudinal  s t a b i l i t y  because 

of t h e  v o r t i c a l  r e g h e  which usually preva i l s  a t  high angles  of a t t ack .  

t inuous increase i n  l o c a l  l i f t  a t  t h i s  apex r e s u l t s  i n  a progressive l i f t  decre- 

Kent on t h e  deployed wing, a t  increasing angles of a t t ack .  

p i t  ch-up tendency, which is  g rea t e r  a t  sharper  sweepback of t h e  f i l l e t  (Fig .3Lb). 

This drawback can be p r t i a l l y  conpensated by a reduction i n  sweepback cf t h e  

f i l l e t  (which i s  unfavorable a t  high speeds) o r  by any of t h e  above-rentioned 

devices f o r  reducing t h e  v o r t i c a l  lift a t  t h e  a p x  (canbered leading edge, 

of t h e  swivelable o r  rounded type; Fig.9) ccinbined with a n t i s t a l l  devices a t  t h e  

lead lng  edge of  t h e  d e p l q e d  wing. Such leading-edge tabs are indispensable for 

u t i l i z i n g  t h e  h y p e r l i f t  of t h e  cambered f l a p s  up t o  t n e  permissible angles of 

a t t a c k  f o r  approach f l i g h t  (F ig .34~) .  

A con- 

This leads  t o  a 

/17 

Such ;In adapta t ion  of the  p ro f i l e s  - i n  s u p r s o n i c  c ru is ing  i n  t h e  re- 

t r a c t e d  p s i t i o n  and i n  subsonic f l i g h t  i n  t h e  Tore o r  l e s s  dep!ogeb Fosl t lon - 

i s  not necessar i ly  incom?tib!e s ince  ca l cc l a t ion  i n  both cases r e s u l t s  i n  

l ead ing  edges with canber increasing toward t h e  Wing t i p .  

6. Conel usions 

The recent  development of supersonic aircraft bas r e su l t ed  i n  a novel 

a s p e c t  of a e r o d p m i c s ,  me  of whose r a i n  ob jec t s  i s  t h e  study of s lender  wings 

i n  incompressible flow. 

Ne h v e  shown thLt t hese  xings with s t rong  sweepback and low aspect r a t i o ,  

d e s i r a b l e  f o r  good performance i n  t h e  supersonic range, have r a t h e r  poor aero- 

dynamic c h a r a c t s r i s t i c s  a t  low s-peds.  



However, s u f f i c i e n t  l i f t s  and g9od f l i g h t  q u a l i t i e s  nay be obtained a t  

takeoff and. landing angles  of a t t ack  if the  add i t iona l  vortex lift i s  f u l l y  

u t i l i z e d ,  p e m i t t i n g  properly designed slender planform. 

With respect t o  t he  csefu l  hype r l i f t ,  t h i s  problem i s  int imately connected 

w i t h  t h e  poss ib i l i t y  of compensating t h e  nose-heavy mments produced by def lec-  

t i o n  of t he  f l aps .  

For a ta i l less  a i r c r a f t ,  a ven t r a l  f l a p  is  proposed which is  qui te  i n e f f i -  

c i en t  but does R o t  produce nose-heavy moments t h a t  mst be CoKLpensated. 

The so lu t ion  of using a canard empennage i s  a t t r a c t i v e  with respect t o  

longi tudina l  balancing but r e s u l t s  i n  considerable per turbat ions of t h e  longi- 

t u d i n a l  and t ransverse  s t a b i l i t y  which, however, can be zvoided by carefu l  and 

d e t a i l e d  wind-tunnel t e s t s .  

Balancing by use of a rear t a i l  un i t  i s  less e f f i c i e n t  but p e m i t s  satis- 

f ac to ry  f l i g h t  q u a l i t i e s  if the  posit ioning of t h i s  empennage is  ca re fu l ly  

se l ec t ed .  

Variable sweepback is  Eentioned here only with respect  t o  slender wing 

forms. 

t r a c t a b l e  t a i l  u n i t ,  placed i n  t h e  rear  of a f l y i n g  wing o r  of an a i r c r a f t  w i t h  

va r i ab le  sweep. These two configurations y ie ld  i n t e r e s t i n g  hype r l i f t  so lu t ions  

and a l s o  increase t h e  performnce of the a i r c r a f t  a t  high speeds. 

k s  a t y p i c a l  example, w e  der-onstrated t h e  operat ing pr inciple  of a re- 

Experiments and t e s t s  have shown t h a t  t h e  successful  development of  a 

supersonic a i r c r a f t  w i l l  r eqc i re  extremely de ta i l ed  experimental i nves t i ea t ions  

i n  t h e  donain of low subsonic ve loc i t ies .  
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Fig.2 Aerodynamics of t he  
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